Type I fibrillar collagen is the most abundant protein in the human body, crucial for the formation and strength of bones, skin, and tendon. Proteolytic enzymes are essential for initiation of the assembly of collagen fibrils by cleaving off the propeptides. We report that Mep1a −/− and Mep1b −/− mice revealed lower amounts of mature collagen I compared with WT mice and exhibited significantly reduced collagen deposition in skin, along with markedly decreased tissue tensile strength. While exploring the mechanism of this phenotype, we found that cleavage of full-length human procollagen I heterotrimers by either meprin α or meprin β led to the generation of mature collagen molecules that spontaneously assembled into collagen fibrils. Thus, meprin α and meprin β are unique in their ability to process and release both C-and N-propeptides from type I procollagen in vitro and in vivo and contribute to the integrity of connective tissue in skin, with consequent implications for inherited connective tissue disorders.
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proteolysis | Ehlers-Danlos syndrome | proteomics | fibrosis | connective tissue C ollagens are the major components of the extracellular matrix (ECM) responsible for tensile strength and stability of connective tissues. Fibril-forming collagens, such as types I, II, and III, are secreted into the ECM as precursor molecules, known as procollagens, that require enzymatic removal of the Cand N-propeptides, an essential step in collagen fibril assembly (1) (2) (3) (4) (5) (6) . The N-propeptides of procollagen I are cleaved by a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS)-2, -3, and -14, whereas excision of the C-propeptide is performed by bone morphogenetic protein-1 (BMP-1) and related tolloid-like proteinases (1, (7) (8) (9) (10) (11) .
As deduced from its known substrates, BMP-1 prefers an aspartic acid residue at the P1′ position (1, 8, 12) . Notably, this specificity for negatively charged amino acid residues in the P1′ site is also characteristic of two other members of the astacin family, meprin α and meprin β (13) . Meprin proteases are expressed in a range of tissues, where they activate or release growth factors and other biologically active peptides, and are involved in immunological and neuropathological processes, angiogenesis, and matrix remodeling (14) (15) (16) (17) (18) (19) (20) .
Regulation of ECM remodeling relies on complex molecular interactions and is a key event in many physiological conditions. Defects in the processing of type I procollagen into its mature, fibril-forming form result in such disorders as Ehlers-Danlos syndrome type VII (21) . This inherited connective tissue disorder involves mutations that prevent removal of the N-propeptide of type I procollagen. Retention of the amino-terminal propeptides leads to incorporation into the fibril of the partially processed form pN-collagen, resulting in abnormal connective tissue formation (22) . A tight balance between synthesis and breakdown of ECM is required for the function of all tissues, and dysregulation leads to pathophysiological events, such as arthritis, cancer, atherosclerosis, aneurysms, and fibrosis (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) .
We previously reported that both meprin α and meprin β are expressed in human dermal fibroblasts and are overexpressed in skin fibrosis, such as keloids (35) . In addition, meprins are known to release C-and N-propeptides from type III procollagen in vitro, where the C-propeptide is cleaved at exactly the same site and even more efficiently than the procollagen C-proteinase (PCP) BMP-1. Here we report that meprin α and meprin β are both C-and Nproteinases for type I procollagen in vitro and in vivo and are important for the maintenance of connective tissue integrity in skin.
Results
Meprin α and Meprin β Release C-and N-Propeptides from Heterotrimeric Human Procollagen I and Miniprocollagen α1(I) Homotrimers in Vitro. We measured the procollagen proteinase activity of meprin α and meprin β using human recombinant procollagen I heterotrimer as the substrate (Fig. 1A) . Procollagen was incubated with meprin α or meprin β, and time-dependent processing was analyzed by Western blotting with specific antibodies raised against procollagen α1(I) C-propeptide, N-propeptide, or C-telopeptide. As a control, procollagen I was also processed with recombinant BMP-1 in the presence of procollagen C-proteinase enhancer (PCPE)-1, which is known to stimulate BMP-1 proteinase activity on fibrillar procollagen (9) . As expected, BMP-1 generated pN-collagen by removing the C-propeptides but not the N-propeptides, corresponding to its PCP activity (Fig. 1B) . Interestingly, meprin α and meprin β were able to remove both the C-propeptides and the N-propeptides, thereby releasing mature collagen I (Fig. 1B) . Clearly, the maturation of procollagen I is more efficient by meprin β compared with meprin α, resulting in full conversion of procollagen after 30 min. Incubation with meprin α not only resulted in release of the full C-propeptides, but also indicated a second cleavage event further C-terminal within the globular propetide. Similarly, this in vitro procollagen C-and N-proteinase activity of meprin α and meprin β could be observed using a miniprocollagen α1(I) homotrimer (Fig. S1) .
LC-MS-based identification of the cleavage sites in full-length procollagen α1(I) revealed C-terminal cleavage by meprin α and meprin β at position Ala1218/Asp1219 (Fig. 1C) . Proteomic analyses of the released C-propeptides revealed cleavage at positions Arg1227/Asp1228 and Tyr1108/Asp1109 in the procollagen α1(I) and α2(I) chains, respectively ( Fig. 1C and Fig.  S2 ). Interestingly, the cleavage site at Tyr1108/Asp1109 in procollagen α2(I) was previously identified in cell culture using an MS-based approach, terminal amine isotopic labeling of substrates (TAILS) (Fig. 1D) (36) . In addition, N-terminal sequencing of the C-propeptide from homotrimeric miniprocollagen α1(I) released after incubation with meprin β confirmed the cleavage site at position Arg1227/Asp1228 (Fig. S1A) . We further identified the meprin α and meprin β cleavage sites in the N-propeptides of the procollagen α1(I) and α2(I) chains at positions Tyr166/Asp167 and Tyr81/Asp82, respectively ( Fig. 1C and Fig. S2 ).
Meprins Trigger Collagen Fibril Formation in Vitro. Removal of the globular C-and N-propeptides is the key step in the formation of collagen fibrils. Because meprin α and meprin β show both procollagen C-and N-proteinase activity in vitro, we further investigated whether they were able to trigger the self-assembly of mature collagen into fibrils. By electron microscopy after negative staining, de novo collagen fibril formation could be observed when heterotrimeric full-length procollagen I was incubated with meprin α or meprin β (Fig. 2) . After 60 min, incubation with either meprin α or meprin β led to the assembly of fibrils, particularly with meprin β, where the characteristic Dperiodicity was apparent ( Fig. 2A) , consistent with the faster maturation observed by Western blot analysis (Fig. 1B) . As expected, BMP-1 was not able to trigger the self-assembly of collagen fibrils; it removed the C-propeptides, but not the Npropeptides, of procollagen I (Figs. 1 and 2 and Fig. S1 ). , and Mep1b −/− mice were analyzed by Western blotting using antibodies against the collagen α1(I) C-propeptide or C-telopeptide. Interestingly, procollagen I processing was decreased in the skin of Mep1a −/− and Mep1b −/− mice ( Fig. 3 A and B), as well as in the corresponding primary fibroblasts (Fig.  S3A ). The activity of both procollagen C-and N-proteinase was affected. Extracts of skin from Mep1a −/− and Mep1b −/− mice contained lower amounts of mature collagen I compared with the WT skin (Fig. 3A) . In addition, significantly decreased amounts of C-propeptides were detected in Mep1a −/− and Mep1b −/− skin compared with WT, indicating diminished procollagen C-proteinase activity in vivo (Fig. 3B) . Increased levels of full-length type I procollagen were detected in primary fibroblasts from meprin KO mice, particularly in meprin α-deficient cells, whereas it was almost completely processed in WT cells (Fig. S3A) .
Lack of Meprin α and Meprin β Leads to Reduced Dermal Collagen
Deposition and Impaired Arrangement of Collagen Fibrils. Owing to the ability of meprins α and β to generate mature type I collagen, as well as the decreased procollagen processing seen in the skin of meprin KO mice, we subsequently analyzed the morphology and deposition of collagen fibrils in situ. Histological examination of dorsal skin from mice lacking meprin α and meprin β exhibited a significantly reduced thickness of the fibrous layer and decreased accumulation of dermal collagen compared with WT mice (Fig. 3 C and E) . The dermal collagen layer was ∼170 μm thick in age-matched Mep1a −/− mice and 150 μm thick in Mep1b
mice, compared with ∼400 μm in WT mice (Fig. 3E) . Remarkably, tissues of Mep1a −/− mice often ruptured during section preparation, providing further evidence of abnormalities in connective tissue formation (Fig. S3B) .
To visualize the organization of dermal collagen fibrils, we analyzed skin sections of WT and KO mice by transmission electron microscopy. Interestingly, the arrangement of dermal collagen fibrils in Mep1a −/− and Mep1b −/− mice was impaired compared with that in age-matched WT mice. Whereas collagen fibrils in WT dermis showed a characteristically compact and uniform arrangement, those in Mep1a −/− and Mep1b −/− dermis were often irregularly organized and less tightly packed (Fig.  3D) . The average diameter of dermal collagen fibrils was significantly smaller in both Mep1a
−/− and Mep1b −/− mice compared with WT mice (Fig. 3F and Fig. S4 ).
Mep1a
−/− and Mep1b −/− Mice Exhibit Reduced Skin Tensile Strength.
Because the deposition and organization of collagen are essential for the integrity of connective tissue, we used a biomechanical approach to quantify the maximum tensile strength of the skin from WT and age-matched meprin KO mice. Remarkably, the skin of mice lacking meprin α or meprin β exhibited significantly reduced maximum tensile strength compared with the skin of WT mice. The dorsal skin of control animals ruptured at ∼8.5 N, whereas the skin of Mep1a −/− and Mep1b −/− mice ripped apart at 4.5 N and 4.0 N, respectively (Fig. 3G) . These data correlate with the reduced dermal collagen deposition (Fig. 3E ) and the disordered organization of the collagen fibrils as a consequence of the decreased procollagen maturation in the skin of Mep1a −/− and Mep1b −/− mice.
Altered Expression of Genes Associated with Fibrillar Collagen
Deposition in Skin of Mep1a −/− and Mep1b −/− Mice. To investigate possible alterations in the expression of genes (84 in total) associated with connective tissue formation, we used a mouse fibrosis PCR array (Fig. 4) . Interestingly, expression of Col1a2 was ∼2.5-fold increased in Mep1a −/− mice, but not in Mep1b −/− mice, whereas Col3a1 was slightly decreased in the skin of both Mep1a −/− and Mep1b −/− animals ( Fig. 4 A and B) . Fibrillar collagen-degrading enzymes, including the interstitial and neutrophil collagenases Mmp1a, 2, 3, 8, 9, 13, and 14, showed a general tendency toward decreased gene expression (Fig. 4 A and C) . This was also observed for Timp (tissue inhibitors of metalloproteases) 1 and 3, whereas Timp2 and 4 were significantly increased in Mep1a −/− mice, but not in Mep1b −/− mice (Fig. 4 A  and D) .
Given that PCP activity is associated with the BMP-1/tolloidlike proteinases [i.e., BMP-1 itself, its splice variant mammalian tolloid (mTLD), and mammalian tolloid-like-1 and -2 (mTLL-1 and -2), which were not included in the fibrosis PCR array], we analyzed the expression of these enzymes in the absence of meprin α or meprin β by quantitative real-time PCR. In Mep1a −/− and Mep1b −/− skin, as well as in primary fibroblasts, the mRNA expression of BMP-1/mTLD was significantly increased compared with the WT control (Fig. 4 E and F) . In the skin of KO animals, we observed an approximately twofold increase of BMP-1/mTLD expression, which was lower in the Mep1a −/− fibroblasts but still significant. Interestingly, in the skin of Mep1a −/− and Mep1b −/− mice, the mRNA expression of mTLL-1 was downregulated to ∼25% compared with WT, whereas it was unchanged in Mep1a −/− primary fibroblasts and down-regulated to 2% in Mep1b −/− primary fibroblasts (Fig. S5 A and B) . In contrast, mTLL-2 expression was increased more than twofold in Mep1a −/− and Mep1b −/− fibroblasts (Fig. 5C) ; however, mTLL-2 mRNA was not detectable in samples of murine skin.
Meprins Cleave Matrix Metalloproteinase 1 and Reduce Its Collagenolytic
Activity in Vitro. Matrix metalloproteinases (MMPs) play a key role in ECM remodeling and exhibit proteolytic activity against mature type I collagens (37) . In the MS-based approach TAILS, which enables the identification of native protein substrates in cellulo, MMP-1 was identified as a substrate for meprin α and meprin β revealing a cleavage site within the catalytic domain (Fig. 5 A  and B) . Because an intact active site is essential for the catalytic activity of MMP-1, we analyzed whether cleavage by meprins directly affects MMP-1 collagenolytic activity. MMP-1 is secreted as a zymogen and requires the removal of its propeptide (38) . The prodomain was displaced from the active site by treatment with p-aminophenylmercuric acetate (APMA). We investigated differences in the collagenase activity of MMP-1 cleaved by meprin α and meprin β compared with the unprocessed enzyme by activity assays (Fig. 5C ). When proMMP-1 was first incubated with meprin α or meprin β and subsequently activated with APMA, the collagenase activity decreased to 27% and 43%, respectively, of that of untreated active MMP-1. Even lower activity of approximately 13% was measured when active MMP-1 was processed by meprin α or meprin β (Fig. 5C ).
Discussion
The integrity and stability of connective tissue is regulated mainly through a balance between collagen assembly and degradation (3) . The most abundant fibrillar collagens, types I, II, and III, are synthesized as procollagens with globular C-and Nterminal propeptides that impede the assembly of the collagen fibril and must be removed by procollagen C-and N-proteinases Probability values were calculated using the iProphet algorithm, with high confidence in spectrum to peptide assignments. Abundance ratios of meprin α-or meprin β-treated cells vs. control cells (ctrl) >15 identify meprin-generated neo-Ntermini as high-confidence cleavage products. Sequences are given in oneletter code; detailed information is available elsewhere (36) . (B) Crystal structure of MMP-1 (Protein Data Bank ID code 2CLT), with the meprin cleavage site (Asp194 in P1′) identified by TAILS highlighted in red. The catalytic domain of MMP-1 is in brown, and the hemopexin domain is in gray. The catalytic zinc in the active site cleft is in orange, complexed by three histidines (blue) and one aspartate residue (red). The image was produced using the UCSF Chimera package from the Resource for Biocomputing, Visualization, and Informatics at the University of California San Francisco (53) . (C) Relative activity of MMP-1 with or without meprin α or meprin β was determined using the fluorogenic peptide MOCAc-Pro-LeuGly-Leu-A2(Dnp)-Ala-Arg-NH 2 . Proteolytic activity was calculated relative to the emission at 405 nm with an excitation at 320 nm. When proMMP-1 was first processed with meprin α or meprin β and subsequently activated with APMA, the collagenase activity decreased to 27% and 43%, respectively, of that in controls. When MMP-1 was first activated with APMA and further processed with meprin α or meprin β, remaining collagenolytic activity was 13%.
(PCP and PNP, respectively) (2) . It has been demonstrated that BMP-1/tolloid-like proteinases provide PCP activity in vitro and in vivo (2) . Recently it became clear that astacins, including meprin α, meprin β, and BMP-1/tolloid-like proteinases, exhibit a unique family-wide cleavage specificity with negatively charged amino acid residues in P1′ (13) . In this regard, it was demonstrated that both meprins process the C-propeptide of type III procollagen in vitro at exactly the same site but even more efficiently than BMP-1 (35) .
In the present study, we report on the physiological relevance of the unique ability of meprin α and meprin β to remove the both the C-and N-propeptides of type I procollagen, subsequently releasing fibril-forming mature collagen molecules. The carboxyl-terminal cleavage sites in the proα1(I) chain generated by both meprins were identified as Ala1218/Asp1219, identical to the BMP-1 cleavage site, and also Arg1227/ Asp1228, nine residues C-terminal to the BMP-1 cleavage site (Fig. S6) (39) . In addition, we found that meprins cleave the proα2(I) chain at Tyr1108/Asp1109, this time 11 residues Nterminal to the known BMP-1 site. In this connection, we note that evidence of two N-terminal sequences for the C-propeptides of procollagen II (chondrocalcin) was previously reported by van der Rest et al. (40) , one corresponding to the classical BMP-1 site and the other being 10 residues toward the C-terminus and corresponding to the meprin cleavage site seen here in the proα1(I) chain. In summary, these cleavages result in the release of proα1 and proα2 C-propeptides, which is a crucial step in collagen assembly, as demonstrated by our de novo fibril formation experiments.
Pappano et al. (41) reported residual PCP activity using mouse embryonic fibroblasts (MEFs) isolated from Bmp1 −/− /Tll1
mice. This indicates that other proteases contribute to the maturation of procollagen. Whereas Pappano et al. (41) suggested that mTLL-2 might fulfill this role, here we provide evidence that meprins may be responsible as well. Interestingly, the collagen fibrils in BMP-1-deficient embryos are relatively small in diameter and have a less-organized arrangement compared with WT controls (42) , which is similar to the phenotype seen in Mep1a −/− and Mep1b −/− mice. Along with the phenotype of Mep1a −/− and Mep1b −/− mice at the histological level, the observed reduced levels of procollagen I conversion in skin and primary fibroblasts isolated from meprin KO mice provide further evidence that meprin α and meprin β exhibit PCP activity in vivo. Interestingly, significantly fewer Mep1b −/− mice (∼50%) are born compared with WT mice, indicating essential functions of this protease already during early embryonic development (43) . Moreover, morpholino-induced meprin knockdown in zebrafish embryos revealed severe defects in organogenesis and tail morphology, which also might be linked to reduced collagen fibril assembly in these animals (15) .
Most interestingly, both meprins cleave off the N-propeptides of type I procollagen in vitro, as demonstrated by immunoblotting of recombinant procollagen I. Identification of meprin cleavage sites by MS revealed positions Tyr166/Asp167 in the α1 chain and Tyr81/Asp82 in the α2 chain within an amino acid region known to cause Ehlers-Danlos syndrome VIIB when deleted by impaired splicing (see below). Previous studies demonstrated the requirement of ADAMTS-2 in the removal of the N-propeptide of type I collagen. However, analogous to the PCP activity of BMP-1/tolloid-like proteinases, residual PNP activity was detected in ADAMTS-2 KO mice (7). It has been postulated that ADAMTS-14 may perform this activity, but this has not yet been demonstrated in vivo. Although N-terminal sequencing of mature type I collagen from rat skin or tendon revealed the ADAMTS-2 cleavage site (44), different truncated forms likely are present in vivo. The dominant forms of cross-linked α1(I) N-telopeptides identified by MS in bone and urine revealed the sequences YGYDEKSTGGIS and DEKSTGG, respectively (45) . The latter peptide corresponds to the dominant meprin cleavage site in procollagen I, which occurs six residues C-terminal to the ADAMTS-2 site (Fig. 1C and Figs. S2B and S6) . We also note that the meprin cleavage site in the proα2(I) chain is immediately C-terminal to the ADAMTS-2 site (Fig. S6) . Furthermore, for fibrillar collagen V, the N terminus was shown to be diversely processed in vivo (46) . Taken together, these various observations on the C-and N-terminal procollagen cleavage sites suggest greater heterogeneity than was originally thought, which now can be accounted for by the action of meprins.
Retention of the N-propeptide results in a distinctive phenotype in vivo, as described for the Ehlers-Danlos syndrome type VII (EDS VII) (47, 48) . EDS VII is an inherited autosomal disorder characterized either by an impaired splicing of exon 6, leading to the loss of the N-proteinase cleavage site and surrounding residues in the Col1A1 or Col1A2 genes (49) , or by deficient ADAMTS-2 activity (50, 51). These mutations result in reduced N-terminal processing of procollagen I and subsequent disordered collagen assembly. In skin biopsy specimens from patients with EDS VII, collagen fibrils are more loosely and randomly organized and have smaller diameters compared with normal dermal collagen fibrils, similar to the phenotype observed here in Mep1a −/− and Mep1b −/− mice (52) . The reduced PNP activity in skin and fibroblasts of meprin KO mice, as well as the distinct phenotype, provide strong evidence that the enzymatic activity of meprins is physiologically relevant for the removal of the N-propeptide in vivo.
Although BMP-1 and mTld are overexpressed in meprin KO mice and may partially compensate for the loss of PCP activity, whereas collagenases are decreased in meprin-deficient animals, this is apparently insufficient to maintain the full conversion of procollagen into the physiologically required amounts of fibril-forming molecules. The skin phenotype of Mep1a −/− and Mep1b −/− mice is also consistent with the ability of both meprins to process MMP-1 within the catalytic domain, consequently disarming the collagenolytic activity of MMP-1 in vitro. Thus, MMP-1 activity might be increased in the absence of meprin α or meprin β, resulting in further decreased collagen deposition.
Taken together, our data demonstrate that meprins are physiologically relevant procollagen proteinases. They are required for the assembly of collagen in skin and maintenance of the integrity of the connective tissue. The likely association of meprins with inherited collagen disorders and keloids/hypertrophic scars makes them promising candidates for targeted therapeutic applications to limit fibrosis or related diseases.
Materials and Methods
Recombinant proteins were expressed in insect cells (meprin α and meprin β), HEK 293-EBNA cells (BMP-1 and PCPE-1), CHO cells (MMP-1), or yeast (procollagen I). Cleavage sites for meprin α and meprin β in human procollagen I heterotrimers were identified by MS. A de novo fibril formation assay using procollagen I heterotrimers was visualized by transmission electron microscopy. Skin of 12-to 16-wk-old WT, Mep1a −/− , and Mep1b −/− mice was used to analyze collagen processing, deposition, and fibril organization, as well as the tensile strength in vivo. Analysis of connective tissue-associated genes was done using a mouse fibrosis PCR array (SA Biosciences). ΔΔCp values were used to calculate the relative expression for each data point. The activity of MMP-1 in the presence and absence of meprin α and meprin β was determined using the quenched fluorogenic peptide MOCAc-Pro-Leu-Gly-Leu-A2(Dnp)-Ala-Arg-NH2 (R&D Systems). Data are presented as mean ± SD. Detailed information on study methods is provided in SI Materials and Methods.
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